Abstract-Mobile terminals are often used indoor with the base station outdoors. At the mobile terminal the major part of the signal energy comes through openings in the building such as windows. Typically, only one of the sides in a room has windows, and seldom does a room have windows on all sides. Hence, the dominating signal can be expected to arrive at the mobile terminal from a narrow range of angles. Mobile terminal antennas used next to the head in speaking position will be directional due to the fact that part of the radiation pattern facing the head will be attenuated and reflected. Having a directive antenna in a directive environment, performance will depend on the orientation of the antenna in the radio environment. A new statistical spherical outdoor to indoor power spectrum model has been proposed to be able to calculate the directional performance of mobile terminals with a single or multiple antennas. The model consists of a major scattering area in one direction and more uniformly distributed minor scatterers in the other directions. A verification of the proposed model was performed and 60 data sets of spherical power spectrum measurements were collected in a typical urban environment. Using the new model, the directional performance of mobile terminal antennas including a human operator has been investigated through directional mean effective gain, branch power ratio, and correlation calculations using spherical radiation pattern measurements of a mobile terminal including the effect of 42 different persons. The accuracy of the calculated values was verified by directly measured values using 200 persons walking with the mobile terminal in the same office-like environments as where the spherical power spectrum measurements were performed.
I. INTRODUCTION
A MAJOR CONCERN in evaluating the performance of mobile terminal antennas is the amount of power that the antenna collects from the propagation environment. It is well known that the antenna loss directly influences the antenna performance. Everything else being equal, 1 dB of extra loss will give 1 dB worse performance. The shape of the radiation pattern will also influence the performance, but the radiation pattern cannot by itself give a sufficiently accurate estimate of the performance in an urban area.
An experimental method for evaluating antenna performance was proposed in [1] . Using this method, the received signal level over a selected route is recorded for both an unknown antenna and a known reference antenna. The relative received power, known as the mean effective gain (MEG), of the unknown antenna will then be equal to the ratio between the mean levels of the recorded signals for the unknown antenna and the reference antenna. The method is useful for measuring MEG and it has been used for evaluating several antennas [1] - [6] .
The measured MEG values contain the mutual effect of the environment and the power gain pattern. To analyze why a certain MEG value is obtained it is necessary to analyze this mutual effect. Unfortunately, it cannot be analyzed explicitly from the MEG measurement.
In [7] , a theoretical method is presented for calculating the MEG that is based on spherical antenna power gain patterns and spherical propagation characteristics in the mobile communication environments. Spherical refers to the fact that there is a dependence on the elevation and azimuth angles. The method also takes into account the propagation properties for both the and polarizations of incident radio waves. With this method it is possible to investigate the mutual relation between the antenna power gain patterns and the propagation characteristics in the mobile communication environments. This method has been used to calculate the performance of several antennas [6] , [8] - [10] .
The spherical antenna power gain patterns of mobile terminal antennas can be obtained by spherical radiation pattern measurements in an anechoic room. The effect of a human operator can be included as well by using either live persons [11] , phantom head or a torso, and hand phantom in the measurements [8] , [12] . The spherical power gain patterns can also be obtained from numerical electromagnetic-simulations including models of the human [6] , [13] - [15] .
The spherical propagation characteristics can be obtained from either measurements [8] , [9] or spherical power spectrum models of the environment. For an evaluation method of terminal antenna performance, spherical power spectrum models of the environment is desirable.
Most models of the power spectrum at the mobile terminal consider a scenario with an outdoor base station (BS) and an outdoor mobile unit [7] , [16] - [21] , all assuming the scatterers to be uniformly distributed in azimuth. In elevation, scattering over the range of 0 to 50 has been reported [7] , [22] - [24] , indicating that the distribution in elevation has to be incorporated in a model as well.
For a scenario with an outdoor BS and an indoor mobile, which is the most common case for mobile terminal operation, the major part of the signal energy comes through openings in the building such as windows. Typically, only one of the sides in the room has windows, and it is seldom that a room has windows on all sides. The assumption of a uniform distribution, as in the outdoor-to-outdoor case, can therefore not be expected to hold for the case of an outdoor BS and an indoor terminal.
A typical car antenna is a vertical monopole, which has an omnidirectional pattern in azimuth. For such an antenna the MEG values will not be influenced by a nonuniform azimuth power distribution in the radio environment. Mobile terminal antennas used next to the head in speaking position will be directional because part of the radiation pattern facing the head will be reflected and partly attenuated. With a directive antenna in a directive environment, the performance depends on the orientation of the antenna in the radio environment. This is the typical case for an indoor mobile terminal and an outdoor BS. To be able to calculate directional MEG values for mobile terminal antennas in a scenario with an outdoor BS and an indoor mobile unit, it is necessary to include a new spherical power spectrum model for such an environment. The goal of this work is to find such a model. This paper presents a spherical power spectrum model for a scenario with an outdoor BS and an indoor mobile unit including polarization. The dominating signal energy from building openings, observed in such an environment, can be modeled by dominating scattering areas in those directions. Signal energy will also arrive from other directions due to penetration of the walls or reflection from the walls. By inspection of spherical power spectrum measurements, it has been observed that the contributions from those sources have much lower power and are more uniformly distributed. The analytical expression for the model has been derived from a recently published theory of the statistical power spectrum distribution from a scattering area [25] .
The new spherical power spectrum model was verified using spherical power spectrum measurements at the mobile terminal including polarization in an urban area. The measurements were performed with a narrow beam horn antenna mounted on a pedestal, which can turn the horn around in all azimuth directions and elevate the horn from 20 to 50 , with the horizontal plane as 0 . The beamwidth of the horn antenna limits the resolution of the measured power spectrum. However, the measurements are used to verify a model, which is intended for establishing the performance of mobile terminals as a function of the orientation of the terminal in an environment. Although mobile terminal antennas used next to the head are directional, the beamwidth of the horn antenna is much lower than the terminal antennas. Therefore, the obtained resolution of the measured spherical power spectrum data is sufficient to establish the directive MEG [9] . A statistical basis for the verification of the model has been obtained by making 60 data sets of spherical power spectrum measurements using five BSs sites and four indoor mobile locations.
To investigate the directional performance of the mobile terminal including the human operator, directional MEG values were calculated using spherical radiation pattern measurements of a mobile terminal used by 42 persons [11] .
The calculated MEG values were verified by direct measured MEG values of 200 persons with the mobile terminal walking on a selected route in the four mobile locations using one of the five BS sites.
The MEG calculations can by itself only evaluate the performance of a single mobile terminal antenna. In the future, more than one antenna in a mobile terminal could be a reality [26] , [27] . To calculate the performance of a mobile terminal including an antenna system, it is necessary to know the branch power ratio, the correlation and the combining algorithm [28] , [29] . Calculating the MEG for each antenna, the branch power ratio can be obtained as the ratio of the MEG values. The gain with regard to a single element as a function of branch power ratio and correlation can be obtained through link simulations.
For calculating the correlation, Vaughan and Andersen [30] proposed a method using the spherical radiation patterns of the antennas and a spherical power spectrum model of the environment.
Calculated branch power ratios and correlation values using the new spherical power spectrum model and measured spherical radiation patterns of a mobile terminal with two antennas including live persons were also verified by direct branch power ratio and correlation measurements of the same mobile terminal in the same environment.
A. MEG and Correlation
The MEG of a mobile antenna in an environment is defined in [7] as the ratio between the mean received power of the antenna, , and the total mean incident power (1) where and are the mean incident power in polarization and polarization, respectively.
An expression for the complex signal, , at a matched antenna port was first given in [22] and derived with the following assumptions.
1) The phase angles of the incoming electric field is independent of the arrival angle for each polarization. 2) The phase angles of the incoming electric field of both polarizations are independently distributed between 0 and .
where is the electric far-field pattern of the antenna, is proportional to the electric field of the incident plane waves, is the solid angle , and indicates that the environment is changing with time, usually by user movement.
The average received power at the antenna is
where and are the and polarized components of the spherical antenna power gain pattern, respectively. Further, and are the and polarized components of the spherical power spectrum of incoming plane waves, respectively. These functions satisfy the conditions that (4) Using (1) and (3), [7] arrives at a useful definition of MEG (5) where the cross polarization power ratio, XPR, is defined as the mean incident power ratio between a polarized isotropic antenna and a polarized isotropic antenna (6) By using spherical power spectrum models or measurements of the environment and the complex spherical radiation patterns of two antennas and on a mobile terminal the correlation coefficient can be calculated [30] as shown in (7) at the bottom of the page where . and are the polarized complex radiation patterns of antenna and , respectively. In (7) , no explicit space dependency between the antennas is included as in [30] , but a common reference point has been used for both antennas.
II. MODEL OF SPHERICAL POWER SPECTRUM AT THE MOBILE TERMINAL
The spherical power spectrum model includes both the and polarizations. For each polarization the spherical power spectrum needs to be modeled as a function of both the elevation angle ( ) and azimuth angle ( ). To simplify the model the power spectrum has been modeled in elevation and azimuth separately and combined according to (8) where are the power spectrum in azimuth and are the power spectrum in elevation for the respective polarizations.
This assumption has been tested based on experimental data for a scenario with an outdoor BS and an indoor mobile unit by an analysis of variance [31] . A significance test verified that it is indeed possible to model the power spectrum in elevation and azimuth separately, as in (8) .
The next two sections present the modeling of the azimuth and elevation power spectrum based on both empirical and statistical models.
A. Empirical Model
For the case of an outdoor BS and an outdoor mobile several empirical spherical power spectrum models have been proposed. Aulin [18] introduced a spherical model in which the angular power spectrum is rectangular or sinusoidal in elevation and uniform in azimuth, but restricted to a single polarization.
Vaughan [20] has discussed a similar model in which the angular power spectrum is uniform in elevation between 0 and 30 . Taga [7] proposed a spherical power spectrum model including two polarizations, both Gaussian in elevation but with different spread and uniform in azimuth.
For the case with an outdoor BS and an indoor mobile, which is the typical case for handset operation, the major part of the signal energy comes through the building openings and a more directional power spectrum at the mobile in azimuth is expected.
Previous work suggested that the incoming power in azimuth at the BS can be modeled by a Gaussian function [32] - [34] and more accurately by a Laplacian function [35] . These distributions are included in the search for a new spherical power spectrum model at the mobile terminal for an azimuth power distribution at the mobile terminal.
Several new empirical models have been investigated and an elliptical model with directivity toward the building openings was found to have a better fit to the measured data in azimuth than both the Gaussian and Laplacian models. However, the statistical model described in Section II-B was found to have a better fit than the elliptical model and the elliptical model [36] will, therefore, not be considered further.
The Gaussian and Laplacian models for the incoming power at the mobile terminal in azimuth are described by the following expressions: Gaussian power distribution:
Laplacian power distribution: (10) where represent polarization, is a scaling constant ensuring that (4) is fulfilled, is the mean azimuth angle of the polarized wave and is the standard deviation. In the search for a model of the angular power distribution in elevation, a Gaussian function as found by Taga for outdoor at the mobile [7] and a Laplacian function found by Pedersen [35] at the BS will be included. The sinusoidal and uniform distributions as proposed in [18] and [20] have also been investigated, but fit poorly for the outdoor to indoor case and are, therefore, not considered further.
B. Statistical Model
Andersen [25] considers a scenario, where a large number of rays emanating from a finite region in space are impinging on an antenna, which has a beamwidth larger than the extent of the region; see Fig. 1 . For an antenna array in the direction, Andersen derived the following statistical distribution of the power spectrum in the limit, where the antenna is not able to resolve the details of a scattering area distribution (the angular extent smaller than the beamwidth of the antenna): (11) where is a measure of the angular spread in the -domain, , and is the direction of the incoming rays measured perpendicular to .
The analytical expression in (11) gives the statistical distribution of the power spectrum for an antenna moving along a straight line. The goal of our investigation is a spherical model. However, for small angular movements the arc can be considered to be linear and the statistical distribution in (11) will be a good approximation. For small angle spreads, , the majority of the power lies within a small angular movement of the antenna and the distribution in (11) is expected to give a good estimate of the angular power spectrum. The distribution in (11) puts no limit on the orientation relative to the ground, so the derived statistical distribution can be used for both elevation and azimuth. Moreover, the distribution in (11) has been used to model the power for both polarizations.
For a scenario with an outdoor BS and an indoor mobile there is often only one opening in a room. The incoming power spectrum in such a building has been modeled by one major scattering area in the direction of the opening, see Fig. 2 . From the other directions there will be signal with lower power due to reflections and penetration. Based on observations from the spherical power spectrum measurement, the low signal from the other directions has been modeled by uniformly distributed scatterers in the polarization and linearly decaying scatterers as a function of angle in the polarization.
Using (11), the following analytical expression can be obtained for the incoming power spectrum in a statistical model of a room with windows on one side. The mean direction of the incoming rays is aligned in the direction of the scattering area, resulting in 0 for both azimuth and elevation. The angular power distribution in both elevation and azimuth,
, of the statistical model is given by if if if (12) where represents both the and angle, is a measure of the angular spread in the -domain for both elevation and azimuth of each polarized wave. and are, respectively, the relative amplitude of the uniformly distributed low energy scatterers in azimuth in each polarization. is the linear decay factor for the polarized wave distribution in azimuth.
C. Spherical Power Spectrum Measurements
Measurements of the spherical power spectrum at the mobile were performed to investigate the proposed models in an urban environment in the city of Aalborg, where the BS was placed outdoor and the receiver was placed indoor. In the selection of suitable receiver and BS locations, it was the goal to create a setup that simulates a typical urban cellular network.
The university has a four floor building in the center of Aalborg, which was used as location for the receiver. The position is marked on the map in Fig. 3 with RX. The measurements were performed at three receiver positions in one room on each floor. The four rooms had different sizes and window placements.
Five BS locations in a ring around the receiver were selected to include the effect of transmitting from different directions. In Fig. 3 , the BSs are marked with numbers, which are related to the description in Table I . The distance between the BS and RX positions and the BS antenna heights are given in Table I . The transmit antenna was a vertically polarized 60 sector antenna with a beamwidth of 5 in elevation.
To measure the incoming spherical power distribution at the receiver the narrow beam dual polarized horn antenna was placed inside the building. The radiation pattern of the horn antenna is shown in Fig. 4 for one antenna port showing both the azimuth and elevation cut. The horn was mounted on a pedestal, which can turn the horn around in all azimuth directions and elevate the horn from 20 to 50 , see Fig. 5 . Each antenna port on the horn was connected to a wideband correlation sounder in order to record both polarizations simultaneously. The sampling interval was 5 in both azimuth and elevation. To obtain the received power in each direction some noise is removed and the impulse responses are integrated as described in [37] . The measurements in each direction are not independent due to the beamwidth of the horn antenna. Various high-resolution algorithms for eliminating the effect of the horn antenna could have been used to obtain the fine details of the incoming power spectrum. However, for MEG calculations of mobile terminal antennas results in [9] have shown that the difference in obtained MEG values using spherical power spectrum measurement data with and without deconvolution is marginal. Hence, the measurement data have not been deconvolved with the radiation pattern of the horn antenna.
A center frequency of 1890 MHz with a bandwidth of 20 MHz was used. The instantaneous dynamic range of the sounder is 45 dB with overall dynamic range of 80 dB.
In all the receiver locations, the direction for highest received power is toward the windows with a variation in azimuth angle of arrival for the direction of maximum power relative to the windows of up to 60 dependent on the receiver and BS position. The direction of the windows is the same for all floors except the first floor, where it is in the opposite direction.
To obtain an accurate instantaneous average distribution of the complete set of measurements, the measured distributions were aligned in azimuth, so they all have maximum power toward 0. This will give a model that is reflecting the real variation in mean power in typical environments. A total of 60 spherical power spectrum measurements were performed, but only 57 measurements were used to obtain an average distribution, because three measurements were discarded due to insufficient received power (signal-to-noise ratio too low). The average distribution is plotted in Fig. 6 for the polarization and Fig. 7 for the polarization.
The plots in Figs. 6 and 7 consist of a number of rectangles; the rectangles close to the center of the plot represent the measurements recorded at the highest elevation angle ( 50 ). Lower elevation corresponds to move closer to the edge of the plot. The rectangles at the edge of the plot correspond to the Fig. 7 . Mean of all spherical power spectrum measurements in the polarization normalized according to (4) . The values are in decibels. lowest elevation angle ( 20 ) . The dynamic range is kept at 18 dB and the power has been normalized according to (4) .
XPR is computed as a part of a characterization of the radio environment. The XPR is obtained from (6) by integrating the power in the and polarizations. For the mean power distributions plotted in Figs. 6 and 7 the XPR value is 5.5 dB.
In Figs. 8 and 9 , the mean angular power distribution is shown in azimuth and elevation among all measured distributions for the polarization. Also shown by errorbars is the standard deviation in decibels.
For the polarization it is observed that the standard deviation is lowest in azimuth around the direction with maximum power, indicating that the power spectrum in the direction of maximum power has a similar shape for all the measurements. For elevation the standard deviation is highest at low elevation angles, which can be due to ground reflections.
For the polarization the standard deviation is more uniform distributed. Possibly because the received signal power primarily originates from cross coupling in the environment. By analyzing the measured data for each BS and receiver position it was observed that the shape of the power spectrum in both elevation and azimuth is very similar for all BS and receiver positions, except for BS 05 and the room on third floor.
For BS 05 an additional peak in azimuth is observed with a signal amplitude some 4 dB lower than the maximum. BS 05 is different from the other BS positions because it is located at the water front at the opposite side of the bay, see Fig. 3 . In between the BS 05 antenna and the building with the RX, there is line of sight except for one large building, which splits the power from BS 05 into two rays. BS 05 is not a typical BS cite for an urban environment and, therefore, of less importance.
In the room on the third floor it is observed that there is an additional peak at a high elevation angle. This peak is due to a window section in the ceiling of the room. This is a nontypical position for windows and if more different rooms where used as statistical basis for a model, this effect would be marginal.
D. Least Square Error Modeling
The spherical power spectrum measurement data obtained in the urban environment has been used to investigate the proposed models. The modeling of the radio environment has been split into an investigation of the azimuth and elevation distribution as described earlier.
By least square error modeling, the measured power was fitted to the empirical models. The mean elevation angle of arrival was 7.0 and 24.5 for the and polarization, respectively, for all the investigated models. The standard deviations for the Laplacian and Gaussian models are given in Table II . Comparing the different sum of squares for the empirical models, it was found that the Laplacian model has the best fit to the measured data for both azimuth and elevation.
The proposed statistical model has also been fitted to the measured data by use of least square error modeling and the following coefficients have been obtained. For azimuth: Fig. 10 . Measured mean power of the polarized field for each azimuth direction, along with the models (normalized to a peak power of 0 dB). 
Elevation:
The models are plotted along with the mean of the measured data in Figs. 10-13 . For the polarization it is observed that the statistical model gives a much better fit to the measured data than any of the empirical models in both elevation and azimuth. For the polarization the power spectrum is more diffuse and of lower value (mean XPR 5.5 dB). However, the statistical model still have a reasonably good fit to the measured data for both elevation and azimuth for the polarization.
III. APPLICATION OF SPHERICAL POWER SPECTRUM MODEL
The spherical power spectrum models, investigated in the previous section, are intended for predicting the directional antenna performance of mobile terminals including the antenna by directional MEG calculation and for mobile terminals with more antennas through directional (due to user movements) branch power ratio and correlation calculations.
The spherical radiation patterns of the antennas investigated in the following have been obtained from measurements in an anechoic room with 42 persons holding the mockup mobile phone equipped with two antennas [11] . 
A. Spherical Radiation Pattern Measurements of Mobile Phone Including Person
The anechoic room at Aalborg University is a rectangular room with dimensions 10 by 7 by 7 m with absorbers on all sides. The suppression of reflections is better than 40 dB at 2 GHz. The room is equipped with a roll-over-azimuth-over-elevation pedestal with glasfiber mast, which can carry a person. Normally, the probe antenna is located on a fixed mast 5.5 m from the pedestal. However, for measuring spherical radiation patterns of test persons using the mockup mobile phone a special setup was constructed, where two single polarized probe antennas were used to scan the sphere around the test person in elevation, so the test person and phone only needs to rotate in azimuth. The construction for moving the probe antennas is shown in Fig. 14 .
The mockup mobile phone used in the measurements was a commercially available GSM1800 handheld equipped with a normal mode helical antenna, which was modified to also include a back mounted patch antenna; see Fig. 15 . Two coaxial cables were used to connect the antennas to the measuring equipment in the anechoic room. The measurements were carried out by asking each test person to hold the handheld in what he or she felt was a natural speaking position and keeping that position throughout the entire measurement, for details see [11] .
B. Calculating MEG
The measured spherical radiation patterns of the mockup mobile phone including the persons have been used for calculating the directional MEG [using (5)] along with the measured spherical power spectrum data and the proposed spherical power spectrum models. In the calculations, the spherical radiation patterns are rotated 360 in azimuth relative to the spherical power spectrum and a MEG value is calculated for every 5 step in azimuth. Hereby, directional MEG values are obtained for different rotation angles of the test persons using the mockup mobile phone.
To find the median and spread of the calculated directional MEG values due to different test persons, BS and receiver locations, the MEG were calculated for all combinations of test persons, antennas, BSs and receiver locations (42 users by 2 antennas in 57 BS/receiver locations). In the calculations, the antenna loss was removed by normalizing all the radiation pattern measurements to emphasize only the effect of the shape of the radiation patterns. The results are shown in Fig. 16 for the patch antenna and in Fig. 17 By inspection of Figs. 16 and 17, it is observed that calculated MEG values for the helical antenna are higher than for the patch antenna, showing that the normalized radiation pattern of the helical antenna is more effective in the investigated environment than the patch antenna. This may be explained by the polarization in the environment (the spherical power spectrum) and the polarization of the patch and helical antenna. For all the spherical power spectrum measurements most of the power is in polarization (mean XPR 5.5 dB) and for all the spherical radiation pattern measurements of the helical antenna most of the power is also in the polarization, while the patch antenna has most of the power in the polarization for 34 out of the 42 test persons. Hence, the helical antenna has most of the normalized radiation in the dominating polarization of the environment, while it is the opposite for most of the test persons using the patch antenna. The mean power ratio between the and polarization is 5.2 dB for the helical antenna and 3.4 dB for the patch antenna. The shape of the MEG curves in Figs. 16 and 17 are directional with a maximum MEG value at a rotation angle of close to 0 for the mockup mobile phone. It is observed that the difference in MEG values between a rotation angle of 0 and 180 is 3 dB for the patch antenna and 4 dB for the helical antenna. The directional effect is present for all 42 different test persons for both the patch and helical antenna. This is caused by similar shapes of all the radiation patterns.
Note that no directional effect exist for an omnidirectional model as, e.g., the Taga model. To better illustrate the difference between using the Taga model and the statistical model a single typical test person has been used. The spherical power gain for the typical test person is shown in Fig. 18 for the patch antenna and in Fig. 19 for the helical antenna. It is observed that both antennas are directive because the head attenuates and reflects the radiation facing toward the head.
Directional MEG curves are shown in Figs. 20 and 21 for the patch and helical antenna. They are calculated by use of the measured spherical radiation patterns including loss for the typical test person for the Taga model, the statistical model and the mean of all measured spherical power spectrum measurements. It is observed that the MEG curve using the statistical model gives a much better fit to the MEG curve calculated by the average of all measured spherical power measurements than by using the Taga model for both the patch and helical antenna. This can also be observed by calculating the root-mean-square error (RMS) and peak difference between the curves; see results in Table III . Similar calculations has been performed using a Gaussian model (Gaussian in both azimuth and elevation) and a Laplacian model (Laplacian in both azimuth and elevation). From the results in Table III , it is seen that the Gaussian and Laplacian models results in the same order of error as the Taga model. The reason for the large directional error in the calculated MEG values using the Gaussian and Laplacian models is due to the assumption of very low incident power in the direction opposite to the maximum incident power.
It is only in the directional properties of the MEG curve as a function of azimuth rotation, that the Taga model fails to fit.
For all test persons the difference in directional MEG using the mean of all spherical power spectrum measurements and the statistical model is plotted in Fig. 22 for the patch antenna, which is similar to the results of the helical antenna. The thick dashed line is the median of the MEG difference for all users and the thin lines are the 10% and 90% percentiles. It is observed that the MEG difference between measured data and the statistical model is small for all users. The MEG difference using measured data and the Taga model is also plotted in Fig. 22 for the patch antenna. Using the Taga model the median MEG difference is 3 dB between a rotation angle of 0 and 180 for the patch antenna and 4 dB for the helical antenna. The directional MEG error is caused by the Taga model assuming an omnidirectional distribution in azimuth.
C. Calculating Correlation
The directional correlation between the helical and patch antenna has been calculated for all combinations of spherical radiation patterns and spherical power spectrum measurements to find the median and the spread of the calculated correlation values due to different test persons, BS, and receiver locations. The results are shown in Fig. 23 , where the thick line is the median of all calculated correlation values and the thin lines are the 10% and 90% percentiles. The spread in correlation values is approximately 0.4 within the 10% to 90% percentiles. A directional shape of the correlation curve is observed with the highest correlation at 15 in azimuth of the handset. This directional effect can of course not be predicted with an omnidirectional model. 
IV. VALIDATION OF SPHERICAL POWER SPECTRUM MODEL
To evaluate the accuracy of the calculated MEG, branch power ratio, and correlation values, the calculated values have been compared with directly measured values. The directly measured values are described in [2] . This measurement campaign was carried out in the same urban environment as the spherical power spectrum measurements using the same building for the receiver location and BS 01.
The measurements were carried out by having each test person (all together 200 test persons) holding the same mockup mobile phone as mentioned earlier in what he or she felt as normal speaking position. The person followed a path marked by tape on the floor. The path was a square of some two by four meters and each record lasts 30 seconds corresponding to one to two rounds.
No recording of the walking speed or the position of the test person over time was performed, so the measurements can, unfortunately, not be used directly for evaluating the directional effect of the calculated MEG, branch power ratio, and correlation values.
However, by walking on a square path the received power will arrive from four different sides and the average received signal from such a tour gives a good approximation to the mean values obtained by a rotation in azimuth. By making MEG and correlation calculations using a two by four square instead of a rotation in azimuth the difference was less than 0.2 dB for the mean MEG values and less than 0.02 dB for the mean correlation values.
For the recorded measurements it is clear that the local averaged power varies due to the user movements [3838] . The directive model proposed can only explain this behavior. The variation for, e.g., the Helix antenna for different test users show that the local mean power (short time averaged MEG) has a median value 4.5 dB lower than the average MEG for 25% of the time (2 and 7.5 dB, respectively, for the 10 and 90 percentiles) and a median value 3.5 dB lower than the average MEG for 50% of the time, see [3838] . This variation of the MEG agrees well with the calculated MEG in Fig. 17 .
Altogether four locations were selected, one path on each floor, and 50 test persons were used on each floor. The received signal strength has been recorded for both the patch and helical antenna. The mean received signal strength over the selected route is basically a MEG measurement except that no reference antenna is measured. However, if the purpose is to compare the MEG values of the two antennas no fixed reference is needed. The ratio between the MEG values correspond to the branch power ratio. The branch power ratio for the test persons has been obtained as the ratio between the mean received power of the patch antenna and the helical antenna.
The calculated average branch power ratio values (averaged in azimuth) are plotted in Fig. 25 together with the measured average branch power ratios. Note, that the calculated branch power ratios only include 42 persons, while the measured branch power ratio curve contain 50 values, which are averaged between measurements from each floor. The different number of data points for the two curves make them look as if they are further apart than they really are. Also included in the plot is the difference in antenna efficiency obtained from the spherical radiation pattern measurements in Section III-A.
The mean calculated branch power ratio is 4.1 dB with a standard deviation of 1.8 dB and the mean directly measured branch power ratio is 3.0 dB with a standard deviation of 2.4 dB. Hence, a mean difference of 1.1 dB is observed. The antenna efficiency difference between the helical and patch antenna is 6.3 dB with a standard deviation of 1.4 dB, which is 3.3 dB more than the directly measured branch power ratio values. The mean difference is reduced from 3.3 to 1.1 dB by the MEG calculation compared with just the antenna efficiency or total transmitted power.
Similarly Fig. 26 shows the calculated correlation values and the directly measured correlation values. The mean calculated correlation of the 42 test persons is 0.3 with a standard deviation of 0.15 and the mean measured correlation is also 0.3 with a standard deviation of 0.15. Hence, no measurable difference in the mean correlation values is observed.
V. CONCLUSION
A new statistical spherical outdoor to indoor power spectrum which can explain the local variation in MEG and correlation seen in experiments has been proposed. The model has one major scattering area in one direction and more uniformly distributed minor scatterers in other directions. The analytical expression for the model has been derived from a recently published theory of the statistical power spectrum distribution from a scattering area [25] .
The validity of the proposed model has been verified by 57 data sets of spherical power spectrum measurements made in a typical urban environment with the BS located outdoor and the receiver located indoor, in office like environment.
The new model is intended for calculating the directional performance of mobile terminals with one or more antennas in an environment with an outdoor BS and an indoor mobile terminal. The directional performance of a mobile terminal with two antennas including the human operator has been investigated through directional MEG, branch power ratio, and correlation calculations using the measured spherical radiation patterns of a mobile terminal and 42 persons. The results showed a significant directional effect in the calculated values for all test persons. The median front to back ratio of the calculated MEG values were 3 dB for a patch antenna and 4 dB for a helical antenna. The median correlation between the helical and patch antenna were 0.4 with no head blocking and 0.2 where the head blocked the signal.
To check the accuracy of the calculated MEG, branch power ratio and correlation values, the calculated values were compared with directly measured values. For the direct measurements, only a statistical and azimuth averaged comparison was possible due to lack of position in the measured data. The measured local variation in MEG for the Helix antenna showed a median value 3.5 dB lower than the mean MEG, for 50% of the time, which agrees well with the calculated value of some 3 dB.
The calculated MEG values were indirectly checked through the branch power ratio measurements, since no reference was used in the directly measured MEG values. The direct measurements of MEG, branch power ratio, and correlation were carried out by 200 test persons holding the mockup mobile phone in what each person felt as a natural speaking position and walking on a path in rooms located in the same office like environment as the spherical power spectrum measurements were performed.
The mean values of the directly measured branch power ratio and correlation were 3.0 dB and 0.3, respectively, and the mean calculated branch power ratio and correlation values were 4.1 dB and 0.3 dB, respectively. In conclusion, a good match was observed between the calculated and measured branch power ratio and correlation values.
